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Objective: toe blood pressure (TBP) is an important method to assess peripheral arterial disease especially in patients with
diabetes, but remains difficult to measure. We have developed a simple portable device for TBP measurements.
Methods and results: first, TBP was determined in 40 ischemic legs with both laser Doppler and photoplethysmography
for perfusion monitoring, to assess if laser Doppler can be used for measurements. The median values recorded were
identical, but slightly higher values were obtained with laser Doppler (p 0.03). Secondly, a computer based algorithm for
automatic TBP readings with laser Doppler was compared to manual assessment in 28 legs of 20 patients. The median
values differed 3 mmHg (p 0.10). Finally the applicability of the new device was tested in eight legs of six patients by two
nurses.
Conclusion: laser Doppler is appropriate for perfusion monitoring during TBP measurements and automatic pressure
readings seem accurate. The automatic portable device is simple to use and can probably determine TBP.
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Chronic critical limb ischemia (CLI) in patients with
and without diabetes is a major cause of morbidity
with an incidence of 50±100 per 100 000 inhabitants in
Western countries.1 In United States alone more than
100 000 amputations are performed each year, a major-
ity of those are performed in patients with CLI and
diabetes.2 Diagnosis and accurate assessment of sever-
ity of disease is extremely important to identify
patients who need vascular intervention,3 and to
select the optimal treatment strategy.4 Distal blood
pressure assessment is an important part of this man-
agement process, particularly in patients with dia-
betes because neuropathy masks pain as a symptom
of severe ischemia. The pressure at distal locations,
usually obtained in vascular laboratories, is directly
correlated to the severity of disease. In patients with
diabetes the measurement of toe blood pressure
(TBP)7 overcomes the problems associated with erro-
neously high ankle pressures.8,9 The recent TransAt-
lantic Inter-Society Consensus (TASC) document
emphasizes the use of TBP when screening and eval-
uating patients with diabetes.10Please address all correspondence to: E. Wahlberg, Department of
Vascular Surgery, Karolinska Hospital, N2:00, SE-171 76 Stockholm,
Sweden.
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and evaluate a new, simple portable device to mea-
sure TBP.
Patients and Methods
This prospective study is composed by three parts:
(a) Evaluation of laser Doppler (LD) as flow detection
method when measuring TBP;
(b) evaluation of a computerized algorithm for auto-
matic determination of flow return during cuff
deflation, and
(c) assessment of the applicability of a new automated
instrument (TPM ± toe pressure monitor) when
measuring TBP in patients.
Consecutive patients referred to the vascular surgical
clinic for evaluation of peripheral arterial disease
(PAD) were recruited for parts A and B. The patients
included were referred by general practitioners to be
screened in the vascular laboratory for PAD. For part C
patients in the ward were asked to participate (Table 1).
Methods
Photoplethysmography (PPG)
This device (Electromedicin AB, Sweden) analyzes the
quantity of reflected light from the skin circulationl rights reserved.
deflated slowly at 5 mmHg per 2±3 s. TBP was
obtained manually from the charts by determining
the pressure in the cuff when the perfusion or pulsa-
tile flow reappear. TBP was measured twice, 3 min
apart, and the average value for both occasions used
for analyses.
Table 1. Characteristics for the patients investigated in the three parts (A±C) of the study. A ± comparing Laser Doppler
and photoplethysmography as perfusion method during manual toe blood pressure measurements (TBP), B ± comparing values
during manual assessment of TBP to an algorithm for automatic TBP determination, and C ± testing the new device on patients.
Study part A B C
n (patients)/n (legs) 40/40 20/28 6/8
Age years 70 (43±85) 75 (54±89) 77 (58±80)
Sex (male/female) N/N 26/14 12/8 3/3
Diabetes N (%) 15 (38) 10 (50) 4 (67)
(type I/II) N/N 1/14 0/10 0/4
(ins/oral/diet) N/N/N 8/5/2 5/5/0 4/0/0
No symptoms or signs N 6 ± ±
Claudication/rest pain N/N 16/7 8/8 5/0
Ulcers or gangrene N 11 12 3
Brachial blood pressure mmHg 156 (120±210) 148 (115±180) 157 (120±180)
Ankle blood pressure mmHg 92 (0±300) 72 (0±180) 82 (40±170)
Ankle brachial index 0.59 (0±1.87) 0.40 (0±1.2) 0.51 (0.26±1.07)
Median (range).
Fig. 1. The combined device.
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diode. The return of pulsatility during cuff deflation
is used to determine TBP.
LD
A diode delivers laser light to the skin. Photons that
encounter moving blood cells become Doppler
shifted. The Doppler shifted and unshifted light is
reflected back to the detector and the beat frequency
spectrum is processed to provide output proportional
to blood flow. In skin, the laser penetration depth is
considered to be 0.5±1 mm but varies greatly depend-
ing on the emitted wavelength and the local skin
architecture. For part A of the study a commercially
available system (Perimed 1d, Perimed AB,
Jarfalla, Sweden) equipped with a standard probe
was used. In the TPM that was used in parts B and
C of the study a specially designed LD instrument was
used (Moor Instruments Ltd, Axminster, U.K.)
TPM
The TPM incorporates a LD system to monitor perfu-
sion, a transducer to monitor cuff pressure, a pump
and air bleed system, a computerized algorithm for
determination of LD flux during cuff deflation and
reperfusion and a processor to control and monitor
the system (Fig. 1).
Procedures
(A) LD/PPG comparison
A 2.0 cm cuff was placed at the base of the hallux
and flow detector probes were attached to the
pulp. TBP was measured in sequence by recording
the LD or PPG tracings in random order, simultaneous
with recordings of cuff pressure on a chart. The cuff
was inflated by hand as rapidly as possible and(B) LD TPM: comparison of manual and
automatic assessments
TBP was measured using TPM, the device being con-
nected to a PC continuously recording LD flux and
cuff pressure. TBP values were obtained from the
recorded data manually from LD/pressure traces as
previously described. These values (TBPman) were
compared to the TBP values obtained from the algo-
rithm (TBPauto).
(C) Application of LD TPM
The six patients rested supine in their beds for 15 min
prior to, and between measurements, with the feetEur J Vasc Endovasc Surg Vol 24, October 2002
Fig. 2. Differences in toe blood pressures, (a) subtracting PPG
from LD values (n 40), and (b) subtracting manual from
automatic readings of pressure (n 28). Each difference is plotted
to the median toe blood pressure (of the two measurements with LD
and PPG (a) and manual and automatic (b)).
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times during 2 h by two nurses, alternating. Before
each measurement of TBP, skin temperature at the
probe site was recorded using a thermistor (Exacon1,
Copenhagen, Denmark). The TBP values were read on
the display by the nurses performing the procedure
and filed on to a data sheet together with skin tem-
peratures. In two patients both legs were measured,
and the procedure was performed on two different
days.
Statistics
Median, percentiles and range were used to describe
the TBP data and patient characteristics. To compare
TBP measured two different ways we used the
method suggested by Bland and Altman.11,12 This
analysis compares the difference between two meth-
ods that measure the same parameter to the average
value. Wilcoxon signed rank test was used to compare
the values in parts A and B. In part C, we used the
coefficient of variation (CV), calculated as the inter-
quartile range divided with median, to describe reli-
ability of the data. The association between skin
temperature and TBP was analyzed using Pearson's
regression test. p less than 5% was used to denote
statistical significance.
Results
(A) LD/PPG comparison
The median value of TBP measured with LD was
62 mmHg (range 10±170) and with PPG it was also
62 mmHg (range 0±180). These values were signifi-
cantly different (p 0.028) between the methods. The
difference observed in each individual patient with
the methods is shown in Figure 2(a).
(B) Automatic/manual comparison
When examining the accuracy of the algorithm, values
were similar (p 0.104) when measured by TBPauto,
48 mmHg (range 12±164), compared to TBPman,
51 mmHg (range 15±161). The difference between
the methods in each individual patient is shown in
Figure 2(b). For both comparisons the values for
patients with and without diabetes were similar.
(C) Application in patients
The TPM was considered easy to use by the two
nurses utilizing the system. It took them on averageEur J Vasc Endovasc Surg Vol 24, October 20022 min to obtain TBP. The device was put on a small
trolley and placed close to the patient to be measured.
The variability in TBP values obtained are presented
in Table 2. The median CV for all eight legs was 22%
(18±25), and similar for the two nurses (median 16 and
18%, respectively). TBP values were associated to skin
temperature (r 0.58, p5 0.001).
Discussion
This study confirms that it is possible to develop a
device (TPM) for simple automated TBP measure-
ments. The TPM is not dependent on pulsatile flow
and no training to interpret the perfusion signal is
needed. Accordingly, our nurses testing the system
had no problems making the measurements and con-
sidered it easy to use. This is in line with previous
attempts.13
Our observation of slightly higher values using LD
comparedtoPPG isconsistent with earlier findings.14±16
While PPG is based on opacity changes, LD assesses
Table 2. Toe blood pressures recorded by two nurses in eight legs of six patients using the new device. In patients 4 and 5 both legs
were measured. Each leg is measured five times by each nurse during two hours. Values given are median, range and coefficient of
variation (CV).
Patient # Ankle pressure
mmHg
Skin temperature
Median (range) C
TBP
Total (n 10) Nurse A (n 5) Nurse B (n 5)
Median (range) CV Median (range) CV Median (range) CV
mmHg % mmHg % mmHg %
1 140 34.6 (2.9) 104 (63) 23 101 (55) 25 129 (41) 18
2 40 31.6 (1.5) 20 (15) 23 17 (15) 29 24 (7) 13
3 80 27.3 (3.2) 39 (27) 25 29 (14) 18 45 (22) 19
4 170 24.6 (2.4) 27 (22) 24 29 (12) 17 24 (22) 31
160 27.5 (4.2) 46 (32) 24 55 (15) 11 38 (18) 21
5 55 26.7 (4.6) 37 (21) 18 36 (9) 13 39 (17) 18
65 30.9 (3.1) 45 (26) 19 40 (13) 13 52 (16) 12
6 85 28.1 (2.1) 61 (37) 20 71 (19) 12 50 (20) 15
Automated Toe Blood Pressure 307movement of blood. This difference may be of impor-
tance in the low pressure range when pulsatile flow is
absent. Under such circumstances, with PPG in the
AC mode, the TBP is recorded as zero. Accordingly,
in this study higher values with LD were mainly obs-
erved among pressures lower than 20 mmHg. Similar
results have been reported by de Graaff. This LD
advantage and the excellent correlation in the higher
pressure range convinced us to use LD in the TPM.
The most important feature of the new TPM device
is the automated algorithm. There was only a small
difference between manual and automatic readings.16
However, the TPM needs to be evaluated further
before it can be used to accurately assess small changes
in TBP in severely ischemic legs ± as needed in treat-
ment trials. In the pressure range of 30±60 mmHg,
where TBP can be of value for selecting patients
with diabetes for treatment, the algorithm has per-
formed well.
TBP varies greatly, especially in patients with mild
disease and almost normal pressures.6 A number of
factors probably contribute to this: skin and ambient
temperature;17 cuff width;18 the patient's level of stress
and examiner skill.19 The overall variability of just
above 20% of the mean TBP values obtained in our
patients is close to what has been previously reported.17
Accordingly, when the circumstances during
measurements are stable and standardized, the vari-
ability associated with TBP is seldom linked to the
TBP method chosen. The suggestion of Bowers is
probably valid: to screen for severe ischemia by obser-
vation of TBP values below 40 mmHg recorded on
two separate occasions.7 This concept will be tested
by using TPM in a cohort of patients with diabetes
having foot ulcers referred to our clinic.
The cost of the TPM is not established at this time
since it is still under development, but it is likely that
it will be in the range of 1500±2000 Euro.In conclusion, a new portable device based on LD
for perfusion monitoring, featuring an algorithm for
automatic TBP measurements is introduced. This
device can be used to quickly measure TBP in patients
in clinics and wards. Its accuracy need to be evaluated
but it may provide a future screening tool able to
identify diabetic patients with foot ulcers in need of
invasive treatment.
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